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Abstract— This work presents an integrated electrochemical
and electrophysiological biomonitoring system, enabling the study
of molecular signaling along the gut-brain-axis (GBA). In vitro
gut cell cultures provide a controllable, accessible platform to
study gut physiology. Similarly, the ex vivo crayfish abdominal
nerve cord provides a model for the electrophysiological study
of nerve signaling. For the first time, our system integrates
these platforms to enable the study of signaling from gut
to nervous system, which in vivo would influence the brain.
The platform consists of two interconnected modules: (I) the
electrochemistry module (ECM), mimicking a Transwell platform
for cell growth and enabling neurotransmitter (serotonin (5-HT))
detection, and (II) the electrophysiology module (EPM), hosting a
dissected crayfish nerve cord and allowing electrode accessibility
for the assessment of nerve responses to 5-HT. Whole system
integration is aided by the inclusion of a flexible heater to main-
tain cells near body temperature (38◦ C), transwell membrane
modification to improve molecular diffusion (450-fold) while
maintaining good cell compatibility, and precise flow-controlled
5-HT transport from ECM to EPM. This work achieves module-
specific environmental control, which will ultimately enable
the study of molecular signaling between gut and nerve cells
to facilitate real-time monitoring of both tissues within the
GBA. [2020-0151]

Index Terms— Biological systems, biomedical transducers,
electrochemical devices, electrophysiology, fluidic microsystems.
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I. INTRODUCTION

A. Gut-Brain-Axis (GBA)

THE gut-brain-axis (GBA) is a bidirectional signal-
ing pathway between the gastrointestinal (GI) tract,

the enteric nervous system, and the brain. Environmental and
chemical factors in the gut can affect mood and behavior [1],
and dysregulation of the GBA pathway can have a significant
impact on GI and neurological disorder development [2].
The neurotransmitter serotonin (5-HT) is a major signaling
molecule in the gut and is also known to stimulate the vagus
nerve to regulate neural processes [3]. Enterochromaffin cells
within the GI epithelium are the main producers of 5-HT;
they sense luminal conditions and undergo secretory granule
release of 5-HT on their basolateral side to stimulate local
peripheral nerves [4]. Current understanding of the GBA
mostly comes from studies in animal models, in which the
addition of certain food or gut bacteria have been shown to
affect hormone levels, behavior, and brain development [2]
[5], [6]. However, it is difficult to study how the release
of 5-HT and downstream nervous activation are affected
by these luminal stimuli. Current technology is unable to
directly monitor 5-HT signaling at the interface between
gut cell cultures and nervous tissue. Real-time monitoring
would allow researchers to investigate the effects of envi-
ronmental stimuli on 5-HT release dynamics and subsequent
nerve activation. 5-HT can be detected electrochemically, and
serotonergic neuronal activation can be monitored electrophys-
iologically, but this has not yet been achieved in a single
system.

B. Crayfish as a Model Organism for Electrophysiology and
Neuropharmacology

The crayfish is a classical, well established inverte-
brate model for electrophysiology, which measures electrical
impulses caused by changes in neuron membrane potentials
in response to a sensory stimulus [7]. The crayfish abdominal
nerve cord contains a pair of lateral giant (LG) interneurons
with large, accessible axons that communicate sensory inputs
to the motor systems for stimulating escape behavior in
response to predatory attacks [8]. This allows extra- and intra-
cellular electrode placement to stimulate and record activity
in a neural circuit. In addition, the nerve cord is connected
to the gut, and bidirectional communication is mediated via
serotonergic fibers and ascending interneurons, similar to the
mammalian vagus nerve, making it a promising model to
investigate serotonin-mediated pathways from gut to brain.
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Fig. 1. ECM and EPM full system integration. Inset, left: Exploded
view of ECM components. Inset, right: AU Heater patterned on polyimide
substrate.

C. Integration of Gut and Neuron Monitoring Systems

Despite the interest in real-time monitoring of nervous sig-
naling from gut to brain, no work thus far has aimed to lever-
age the existing tissue model systems of in vitro gut cultures
and nerve cord electrophysiology. There are challenges asso-
ciated with the combination of these platforms. Mammalian
live cell assays require maintaining cells at body temperature
(∼37◦C) in an appropriate cell media and a sterilized, leak-
proof container for protection against contamination. Crayfish
nerve cord electrophysiology experiments are best performed
at room temperature (RT, ∼25◦C) in a dedicated crayfish
saline solution, with access for electrode placement, and with
mechanical stabilization and limited electrical noise.

Here, we report the development of a platform which
integrates two recording modules for gut and nervous tissue.
The electrochemistry module (ECM) allows for the growth of
mammalian gut cell cultures on an electrochemical electrode-
integrated porous membrane for in situ measurement of 5-HT
using cyclic voltammetry (CV) and chronoamperometry (CA).
The electrophysiology module (EPM) contains a dissected
crayfish nerve cord and allows the placement of extra- and
intra-cellular electrodes to measure modulation of neuronal
activity in response to 5-HT injection in the ECM. A fluidic
connection between the modules allows the ECM to be filled
with cell media (DMEM), diluted with crayfish saline, and
transported to the EPM to evaluate the effect of injected
5-HT – or in future work, cell released 5-HT – on nerve
activity.

The ECM, diagrammed in Fig. 1 inset, was designed to
resemble a transwell insert for in vitro cell culture. Cells
can be grown on a 0.4 μm pore-diameter polyester track-
etched (PETE) membrane suspended between a top and
bottom chamber for apical and basolateral access. As pre-
viously reported [9], a carbon nanotube (CNT)-modified
Au electrochemical sensor was patterned on the bottom
side of the PETE membrane to detect 5-HT locally at the
basolateral surface, which thus far has been demonstrated
with controlled injections of 5-HT at known concentrations.

This 0.4 μm PETE membrane supports excellent cell adhesion
and monolayer formation, as opposed to membranes with
larger pore diameters. However, diffusion is severely limited
across this membrane, limiting the time resolution of detection
of released or injected molecules. The rate of molecular
diffusion across this membrane was enhanced by laser cutting
holes (∼120 μm diameter) within or surrounding the working
electrode (WE), increasing the time resolution and sensitivity
to injected 5-HT. Finally, the ECM was fitted with a flexible
resistive heater to maintain the internal solution temperature
near 37◦C during extended electrophysiology experiments
at RT.

The EPM, diagrammed in Fig. 1, enables the dynamic
electrophysiological recording of neural responses to 5-HT
release events within the ECM. Its design is directly based
on standard glass petri dish holders traditionally used for
crayfish nerve cord electrophysiology, allowing perfusion of
contents from the ECM chamber (i.e. crayfish saline diluted
DMEM). The chamber was then filled with a layer of
polydimethylsiloxane (PDMS), allowing a dissected crayfish
nerve cord to be pinned inside the dish. The chamber was
left open to allow access for electrode placement on the
abdominal nerve cord and sensory nerves to stimulate and
record the nerve cord response to injected stimulants (5-HT)
transported from the ECM. Extracellular recording was used
to detect LG action potentials while intracellular recording
was used to detect excitatory postsynaptic potentials (EPSPs),
which are subthreshold changes below activation of an action
potential. A T-junction was used to dilute the DMEM with
crayfish saline before perfusion into the EPM. The dilution
factor was controlled by the ratio of the two flow rates. The
fluidic connection allows mammalian cells to be maintained
in DMEM while the crayfish nerve cord is exposed only
to DMEM diluted with saline to minimize the effect of
DMEM contents (e.g. tryptophan, glycine, glucose) on nerve
activity.

The results reported here illustrate the individual functions
of each module of the system, as well as a proof-of-concept
protocol to assess 5-HT transport from the ECM to the EPM
and serotonergic modulation of the crayfish LG.

II. MATERIALS AND METHODS

A. Design and Fabrication of Modules

The EPM consists of a modified 100 mm diameter
polystyrene petri dish with a 3/16-inch hole drilled on the
side wall for fluidic tube insertion. 30 g of uncured PDMS was
poured into the EPM and cured at 60◦C for 3 hours to form
the base of the dish. The ECM was designed similarly to a 12-
well plate transwell insert, with a 15 mm diameter cell growth
area on a PETE membrane separating a ∼3 mL volume bottom
chamber and a ∼2 mL volume top chamber. Pipetting into the
bottom chamber was enabled through a 6 mm-tall window
in the top chamber wall (Fig. 1 inset). These pieces were
3D printed with an Objet Connex3 PolyJet printer (Stratasys)
using MED610, a biocompatible resin. Support material was
removed and MED610 pieces were thoroughly cleaned using
a sonication protocol developed by Ngan et al. [10].
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Fig. 2. Laser cut parameter optimization for modifying PETE membranes
with patterned holes. (a) Plot of average diameter of laser cut holes corre-
sponding to a variety of settings: Power 1%, Speed 1-5%, Frequency 1-100%.
The number of skipped holes per 32-hole grid is labelled. (b) Image of laser
cut hole grid pattern using optimized settings: Speed 4%, Frequency 100%,
Power 1%. A skipped hole is marked with a dashed circle.

B. Modification of PETE Transwell Membranes

PETE membranes with 0.4 μm pores were purchased from
Sterlitech, then laser cut to a 17 mm diameter using the Epilog
Fusion M2 laser cutter (Epilog Laser). Some membranes
were patterned with a grid of 34 laser cut holes (0.5mm
spacing) either within or surrounding the WE. The laser
settings were varied to minimize hole size (1% power) and
maximize uniformity (4% speed, 100% frequency), as shown
in Fig. 2. Membranes were then patterned with 20 nm Ti /
100 nm Au and 250 nm Ag by Ebeam evaporation (Angstrom
Engineering) through a laser cut paper mask in the form of a
standard three-electrode system, as previously described [8].
The Ag reference electrode was then converted to Ag/AgCl by
treatment with 50 mM FeCl3. The Au WE was CNT-modified
by drop casting 2 μL of 1 mg/mL CNT (single-walled CNT
powder, Carbon Solutions Inc.) dissolved in 1:1 ethanol and
N-methyl-2-pyrrolidone, followed by evaporation of the sol-
vent under a 121◦C heat gun. To allow electrical contact
with the electrodes patterned on the bottom side of the PETE
membrane, 1 mm wide strips of copper tape were attached
to the electrode contact pads to bridge from the bottom to
the top of the membrane. After assembly, 36-gauge wires
were soldered to the copper tape contacts to connect to the
potentiostat for electrochemical measurements.

C. Flexible Resistive Heater

The flexible resistive heater was comprised of a 20 nm Cr
/ 100 nm Au thin-film patterned on a 25.4 μm-thick poly-
imide film (Kapton, Dupont). Metal coating on the polyimide
substrate was achieved by Ebeam evaporation through a laser
cut paper mask. The resulting traces (shown in Fig. 1 inset)
are 1 mm wide and span a total length of 143 mm, resulting
in 50.8 � resistance. Strips of copper tape were affixed to the
contact pads to connect to a power supply for testing. The
temperature of the media was then monitored by inserting a
K-type thermocouple into the ECM top chamber.

D. ECM Assembly and Sterilization

PDMS mixed at a 10:1 ratio was used to adhere the
modified PETE membranes to the cleaned 3D printed pieces,
which were allowed to cure overnight at 37◦C. The use
of a low temperature prevents significant thermal expansion
and glass transition of the MED610, which would cause the
membrane to wrinkle upon cooling. Then, the top and bottom
chamber were adhered together using the same PDMS curing
procedure, along with the resistive heater and 13 mm diameter
glass coverslips on the bottom chamber and the lid to allow
visualization of the cell culture. Once fully cured, the platform
was sterilized with 70% ethanol and dried under UV.

E. Mammalian Gut Epithelial Cell Culture

A tri-culture of three cell lines was grown in the ECM, con-
sisting of a 1:1:1 ratio of Caco-2 enterocytes (ATCC: HTB-37),
RIN14B cells, which are a model enterochromaffin cell type
that secretes 5-HT (ATCC: CRL-2059), and HT29-MTX gob-
let cells (Sigma Aldrich: 12040401). Cells were seeded at 15×
104 cells/well (total) and sustained in Dulbecco’s Modified
Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS)
in a 37◦C, 5% CO2 incubator for 8 days. Cells were then
fixed and stained for evaluation of the monolayer morphol-
ogy and 5-HT content. Fixation was achieved by 10 min
treatment with 4% paraformaldehyde. Immunocytochemistry
(ICC) included: cell permeabilization for 10 min with 0.1%
Triton X-100, blocking for 30 min with 1% BSA and
22.5 mg/mL glycine, 1 h incubation with 1:500 diluted goat-
α5HT primary antibody at RT, 1 h incubation with 2 μg/mL
donkey-αgoat-AlexaFluor594 secondary antibody at RT in the
dark, and counter staining with 1 μg/mL DAPI for 1 min.
Cells were then imaged using a Zeiss LSM 700 confocal
microscope.

F. Fluidic Connection Between Modules

The flow system connected the modules with Tygon
E-3603 tubing (Inner diameter: 1/16-inch, Outer diameter:
3/16-inch, Cole-Parmer). A three-way stopcock (T-junction)
with luer connections (Cole-Parmer) allowed for dilution of
DMEM in crayfish saline. DMEM was fed through the ECM
by a Genie Plus syringe pump (Kent Scientific) at 100μL/min.
Then, crayfish saline was fed into the T junction between
ECM and EPM driven by a FH100 peristaltic pump (Thermo
Scientific) at flow rates of 1mL/min or 5mL/min, as stated in
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the following procedures. Outflow from the EPM was done
by continuous suction, maintaining fluid at a fixed height of
∼0.5 cm within the EPM.

G. Electrochemical 5-HT Monitoring

The ECM contains membrane-integrated electrochemical
electrodes for detection of redox active species after diffusion
from apical to basolateral surfaces. Cyclic voltammetry (CV)
was performed to characterize ferrocene dimethanol (FDM)
diffusion through the membrane, in which voltage was scanned
from 0 – 0.5 V at 300 mV/s to obtain a time resolution
of 3.3 s/cycle. Chronoamperometry (CA) was performed as a
higher time resolution method to detect instantaneous injection
events. CA detection of 10 μL injections of 2 mM FDM or
10 μM 5-HT was done by holding a potential of 0.5 V, which
is above the redox potential of both species, producing spikes
in response to injection events. All electrochemical procedures
were run with a VSP-300 potentiostat (BioLogic).

H. Crayfish Ex Vivo Preparation and Electrophysiology

Adult crayfish (Procambarus clarkii), purchased from
commercial suppliers, were used for all electrophysiology
experiments. Animals were chilled on ice for 15 min before
dissection. The abdominal ventral nerve cord was removed
from the animal, pinned down in the PDMS-filled EPM using
fine insect pins, and bathed in crayfish saline as the baseline
medium for electrophysiology experiments.

Electrophysiological procedures followed established pro-
tocols [11]. Extracellular electrophysiology experiments
involved placement of a silver wire stimulating electrode on
the nerves of the last abdominal ganglion (A6) of the nerve
cord. Recording electrodes were placed on the connectives
between anterior ganglia (A2-A3) for action potential record-
ing. A6 nerves were stimulated to recruit sensory afferents
that excite LG action potentials. After the LG threshold was
determined, subthreshold stimuli were applied at an inter-
stimulus-interval of 90 s. Baseline recordings were obtained by
perfusing crayfish saline through both inlets with the following
flow rates: syringe pump – 100 μL/min through the ECM;
peristaltic pump – 1 mL/min through T-junction. To determine
the effects of 5-HT on LG excitability, 1 mL 1.5 mM 5-HT
was injected into the top chamber of the ECM using a syringe
with the same flow rate (100 μL/min), resulting in a 10X
dilution of 5-HT in the EPM. 5-HT was then washed out by
perfusion with crayfish saline.

Intracellular electrophysiology experiments involved place-
ment of a glass microelectrode filled with 2 M potassium
acetate and ∼25 M� resistance into the axon of the LG to
measure changes in excitatory postsynaptic potentials (EPSPs)
evoked by A6 afferent stimulation. Baseline (crayfish saline
only), DMEM diluted with saline at ratios of 1:9, 1:4, 1:1,
and pure DMEM were perfused into the dish. Dilutions were
prepared in batches and perfused through the peristaltic pump
at 5 mL/min. Subthreshold stimuli were applied every 90 s
and LG EPSPs were recorded. After baseline recordings, each
DMEM dilution was applied for 45 min to allow equilibration
of the LG to the stimuli.

III. RESULTS AND DISCUSSION

A. Optimizing Laser Cut Parameters to Modify PETE
Membranes

Microporous polyester membranes, such as the PETE mem-
branes used here, are widely used in transwell cell cultures
because of their hydrophilicity, smooth flat morphology, trans-
parency, and chemical and mechanical stability [12]. These
membranes are made from polyethylene terephthalate which
has very good chemical resistance [13]. However, this limits
the use of wet etching to pattern customized features in these
membranes. Therefore, laser cutting was used as a facile,
mask-free method to modify a commercial 0.4 μm PETE
membrane for the purpose of increasing trans-membrane diffu-
sion. Laser parameters were optimized to minimize the diam-
eter of holes and the number of skipped holes, maximizing
uniformity of the pattern. These parameters include the power
output of the laser, the speed of the laser head movement
across the design pattern, and the frequency of laser pulses
per second, which are all graded on a 0 to 100% scale. It was
determined that using the lowest power setting (1% power)
was necessary to minimize hole diameter, so laser speed
and frequency were varied for further optimization (Fig. 2).
As shown in Fig. 2a, when laser speed was varied from 1 to
5%, faster speeds resulted in smaller hole diameters. Varying
laser frequency, higher frequency resulted in fewer skipped
holes. As shown in Fig. 2b, the optimal laser parameters of 1%
power, 4% speed, and 100% frequency produced the smallest
holes (diameter 119 μm ± 26 μm) with the best uniformity.
Therefore, these parameters were used to modify all PETE
membranes.

B. Diffusion Monitoring With Modified PETE Membranes

Electrochemical monitoring of FDM diffusion was per-
formed to investigate the enhanced diffusion capability of
PETE membranes modified with laser cut holes either i. within
or ii. surrounding the WE (Fig. 3a), compared to Ø. an unmod-
ified membrane. After assembling membranes inside ECM
modules, 1 mL 1 mM FDM was injected at the top surface
of each membrane and diffusion across the membrane and
into the bottom chamber (2 mL bulk volume) was monitored
by CV (Fig. 3). No flow was used during these experiments.
Both modified membranes increased the maximum signal
reached after injection (i. 77%, ii. 55% of 1 mM FDM con-
trol), corresponding to higher concentrations of diffused FDM
compared to unmodified membranes (Ø. 11%). The modified
membranes also showed higher diffusion rates (i. 29.6 μM/s,
ii. 91.7 μM/s) when compared to unmodified (Ø. 0.23 μM/s),
calculated as maximum current signal divided by time to reach
maximum signal. Diffusion rates of the modified membranes
were significantly higher than unmodified membranes, up
to 450-fold. These results indicate the utility of modifying
0.4 μm PETE membranes with patterns of larger holes for
more rapid diffusion needed for real-time dynamic monitoring.

CA is capable of more rapid detection of individual injec-
tion events (0.1 s/measurement). This is essential to detect
5-HT release events from cells, which occur on the order of
milliseconds [4]. Since this method shows lower molecular
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Fig. 3. Laser cut hole-modified PETE membranes (a) show enhanced
diffusion via CV detection of injected FDM (b-d). (b) Ø - Unmodified
membrane, (c) i.- holes patterned within the WE, and (d) ii. - holes patterned
surrounding the WE. Black – 1mM FDM in whole volume (positive control).
Red – 1mM FDM injection and diffusion over 200 CV cycles. Scan rate
of 300 mV/s, 3.3 s/cycle.

Fig. 4. CA detection of 10 μL injections of (a) 2 mM FDM and (b) 10 μM
5-HT. The legend applies to both graphs.

selectivity and is less quantitative for concentration-specific
measurements, it should be performed alongside CV measure-
ments to capture a breadth of information. Electrodes modified
with laser cut holes and CNT coatings were tested in Fig. 4 for
their CA detection of 10 μL injections of 2 mM FDM and
10 μM 5-HT.

The Cottrell equation states:

|i | = nF AC
√

D√
π t

(1)

where i is the measured current, n is the number of electrons
transferred in the redox reaction, F is Faraday’s constant, A
is electrode surface area, C is species concentration, D is the
species diffusion coefficient, and t is time.

Fig. 5. Gut cell tri-culture within ECM. (a) Brightfield microscopy, +20%
contrast. (b) ICC fluorescence microscopy, showing cells stained for 5-HT
and nuclei, +20% contrast, +60% brightness. Scale bar applies to (a) & (b).

As confirmed by (1), the peak and time-equilibrated current
will increase with increasing concentration of redox species
and electrode surface area. Fig. 4a shows that the Au-CNT
electrodes have higher current peaks (i. 190 μA, ii. 19 μA)
compared to their Au counterparts (i. 13 μA, ii. 0.3 μA),
indicating that CNT coating increases electroactive surface
area, as corroborated by previous work [9]. Interestingly,
laser cut holes within the WE show much higher current
responses than holes surrounding the WE (approximately 10x
higher). According to (1), this increase could either be due to
increased local diffusion at the WE, or because of increased
electrode surface area due to increased micro-texture at the
hole circumference, which is coated with Au and CNT.

Fig. 4b mimics cell 5-HT release events by apical injections
of 10 μM 5-HT, which is within the expected concentra-
tion range secreted by the in vivo gut epithelium [4]. The
Au-CNT electrode with holes within WE was the only elec-
trode to show a significant response, with ∼1 μA peaks
per injection event. This demonstrates that CNT coating is
necessary for 5-HT detection, and patterning holes directly
within the WE greatly enhances the possibility of real-time
monitoring of 5-HT release from cell cultures.

C. Gut Epithelial Cell Culture Sustained Within the ECM

Fig. 5 shows the growth of healthy gut epithelial monolayers
on the modified PETE membranes within the ECM. This
membrane is optically transparent, allowing for brightfield
imaging (Fig. 5a). ICC staining indicates that, as expected,
the monolayer contains approximately a 1/3 proportion of
5-HT containing RIN14B cells (Fig. 5b, green). Both images
show that the monolayers form good cell-cell contacts, despite
sections that are sub-confluency. Further, it is apparent that
cells grow right up to the laser cut holes in the membrane,
where any secreted molecules would diffuse readily to the
basolateral surface of the membrane for detection.

To evaluate the ability of the flexible resistive heater to
achieve and maintain a temperature of 37◦C within the ECM,
DMEM was incubated in the ECM and a 7.4 V DC voltage
was applied across the electrode (Fig. 6a). In this DMEM incu-
bation study, the serpentine resistive heater had a resistance
of 50.8� which required an input power of 0.9W (0.122 A),
which allowed it to ramp up from 19.6◦C (RT) to 37.1◦C
in 27 minutes and plateau at 38.4◦C. In the equilibrium state,
the heat generated by the resistive heater was equivalent to
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Fig. 6. Flexible heater testing. (a) Image of heater fitted within the ECM
bottom chamber. (b) Plot of solution temperature over duration of applied
voltage.

Fig. 7. (a) Left: Cross-sectional schematic of transport through the platform,
as pictured in Fig 1, during an electrophysiology experiment. Schematic not
drawn to scale. Right: Image of isolated crayfish nerve cord. (b) Extracellular
recordings show an action potential in the LG neuron due to injected 5-HT at
a subthreshold stimulus (10.2 V), which was washed out with saline indicating
a 5-HT-specific response. Scale bar denotes 1 ms in the x direction, no y axis
is necessary for action potential measurement. (c) Intracellular recordings of
LG EPSPs show effects of different DMEM dilutions compared to baseline
(saline only) at a subthreshold stimulus (4 V). Scale bar denotes 5 mV in y
direction and 5 ms in x direction.

the heat lost to the environment. The plateaued temperature
continued to remain within the target temperature range, which
is near body temperature, beyond 60 minutes and is adequate
to support cell behavior and viability while applied (Fig. 6b).

D. Neural Responses to 5-HT and DMEM

Fig. 7a illustrates the intended concept of the electrophys-
iology experiment, in which 5-HT is injected into the top
chamber of the ECM, diffuses across the PETE membrane,
and is transported through the bottom chamber of the ECM
where flow of DMEM transports it through fluidic tubing to
the EPM. The DMEM and 5-HT are diluted by crayfish saline
through the T-junction and the resulting solution is perfused
over the crayfish nerve cord in the EPM.

Here, we show the effects of 5-HT and DMEM separately in
Fig. 7b and 7c, respectively. In Fig. 7b, 1 mL 1 mM 5-HT was
injected into the ECM top chamber to test 5-HT transport to
the EPM and modulation of LG activity. 5 min after injection,
traces of LG spike activity indicate that 5-HT was transported
to the crayfish nerve cord where it had an excitatory effect,
which was reversible upon washout. Fig. 7c shows that DMEM

dilutions in crayfish saline (1:9, 1:4, and 1:1 DMEM to saline)
had minimal effects on the LG EPSP, which is a measure of
subthreshold nerve activity. Pure DMEM, however, caused a
major decrease in the initial parts of the EPSP, corresponding
to early excitatory inputs. This confirms that DMEM alone
modulates neuronal activity, but DMEM dilutions in saline,
even as low as a 1:1 ratio, may provide a reasonable baseline
for cell-released 5-HT experiments. At this ratio, the dilution
factor of 5-HT in the EPM chamber can be minimized
to preserve high concentrations of cell-released 5-HT upon
perfusion of the nerve cord.

IV. CONCLUSION

This is the first work to our knowledge building an inte-
grated platform for the combination of in vitro mammalian
gut cell studies and ex vivo crayfish nerve cord electro-
physiology studies. The integration of features such as a
flexible heater, to avoid the need for bulky incubators, and in
situ electrochemical sensors patterned on a specialized mem-
brane, which enhances both diffusion and cell culture, shows
promising results for use in future GBA research. Indeed,
the millisecond timescale signaling dynamics, which underlie
gut cell secretion and neuronal activation, require real-time
detection capabilities, which was demonstrated here by CA
and electrophysiology measurements. Direct fluidic transport
and detection of injected 5-HT serves as a proof-of-concept
demonstration of the platform, where future work will aim to
investigate the effects of luminal stimulants on gut epithelial
cell culture molecular release and downstream neural activity.
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